Abstract-We report on the development of microcolumnar films of an extremely fast and bright cerium-doped lutetium iodide (LuI3:Ce) scintillator that can resolve the 153 ns bunch structure of the Advanced Photon Source (APS) at Argonne National Laboratory (ANL). Due to the fast, afterglow-free decay, and high efficiency of LuI3:Ce, during the experiments performed at the 1-ID hard X-ray beamline at the APS, single 65 keV X-ray photons could be resolved with high signal-tonoise ratio and with temporal resolution better than 20 ns, revealing the 153 ns bunch structure of the APS. LuI3:Ce has high density (~5.6 g/cm 3 ), high effective atomic number (59.7), bright green emission (540 nm range, well matched to commercial optics and CCD sensors), light yield exceeding 115,000 ph/MeV, and rapid, afterglow-free decay (~28 ns). We have developed the scintillator using a vacuum deposition technique that is suitable for manufacturing large area scintillators in a microcolumnar form which provides high absorption efficiency and allows high temporal and spatial resolution imaging. Details of the scintillator fabrication and characterization, and imaging experiments performed at the Sector 1-ID hard X-ray beamline at the APS will be presented in the paper.
I. INTRODUCTION
High-resolution area detectors are commonly used at synchrotron sources for a wide range of scientific experiments. While a variety of detectors satisfy the resolution, efficiency, and large active area needs for imaging with low-energy X-rays (8 keV to 12 keV), none are suitable for the hard X-rays (20 keV to 100 keV) and/or for high frame rate applications that are critical for numerous time resolved studies.
LuI3:Ce is a recently introduced scintillator that has demonstrated excellent material and scintillation properties [1, 2] . LuI3:Ce has high density (~5.6 g/cm 3 ), high effective atomic number (59.7), bright green emission (~540 nm range, well matched to commercial optics and CCD sensors), light yield exceeding 115,000 ph/MeV, and rapid, afterglow-free decay (~33-41 ns) [3] . These properties make it excellent for use in gamma spectroscopy in crystalline form, and here we report on recent developments with this material deposited in microcolumnar films. The excellent material properties have persisted in the film format, and make it possible to use this material in imaging applications. The columnar structure provides an increase in spatial resolution with thick screens while maintaining high stopping power.
Here we report on recent developments in synthesizing structured thin films of this material, which is well-suited for manufacturing large-area films needed for demanding hard Xray imaging applications.
II. FABRICATION OF LUI3:CE FILMS
Fabrication of structured LuI3:Ce films was accomplished using RMD's hot wall evaporation (HWE) method [4, 5] . Our HWE apparatus consists of a hollow cylinder positioned upright in a vacuum, heated under close temperature control, with an evaporation source "crucible" at one end and a cooled substrate at the other. The heated cylinder wall serves to enclose, deflect and effectively direct the vapors from the sources to the substrate where molecules are deposited with a shallow impinging angle. With the substrate being the coolest part in the system, molecules adhere to the substrate alone and do not accumulate on the hot walls, making efficient use of the source material. We found that excellent control of film stoichiometry could be achieved by using doped targets of the desired composition rather than separate targets for dopant and host and attempting to balance the respective vapor pressures. This method of fabrication provides high growth rates that allow fabrication in hours rather than the months required for conventional crystal growth. Films grown by this method are polycrystalline but their physical properties can be controlled as explained by the Movchan & Demchishin's Structure-Zone (SZ) model [6] . Precise control of the deposition parameters such as increasing the substrate temperature results in films with wider columns that are more transparent and more crystalline in nature.
Using this method we successfully deposited structured films up to 1.5 mm in thickness. Due to the extremely hygroscopic nature of the LuI3:Ce material, films were hermetically sealed inside a dry box with <0.5 ppm levels of H2O and O2. Figure - shows a hermetically sealed LuI3 film.
III. RESULTS

A. Film Morphology
Selected films were imaged with our in-house scanning electron microscope (ISI SS40). Because of the hygroscopic nature of the material, great care must be taken to limit any exposure to room humidity and oxygen. Fig. 1 . shows an SEM micrograph of a 1 mm thick LuI3:Ce film revealing its vertically aligned columnar microstructure.
B. Spectral Characterization
The emission spectrum of a deposited LuI3:Ce film is shown in Fig. 2 . It has a peak at 550 nm with. The Ce concentration is known to affect peak position, with increasing dopant concentration resulting in red peak shift [3] . Based on the light output, peak shape and location, we target 5 mol% of Ce in our films.
C. Light Yield and Decay Time Measurements
A benchmark measurement of the light yield of LuI3:Ce is shown in Fig. 3 . Here we see that the photopeak of the crystalline material is located at channel address 1368 and that of BGO at 116. Their ratio, corrected for photomultiplier response to the respective emissions, is 14.75, giving an approximate value of 120,000 ph/MeV for the light yield of LuI3:Ce, with energy resolution (fwhm) on the order of 3.3%.
Decay time measurement was performed using a single shot of 150 kVp X-ray pulse of 50 ns duration. As Fig. 4 shows, the films exhibit a principal decay component of about 43 ns. LuI3:Ce films were tested at Argonne National Laboratory's Advance Photon Source (APS). The speed of these scintillators was high enough to resolve the bunch structure of APS, as included in the inset of Fig. 4 . The experiments were carried out at beamline 1-ID using an avalanche photodiode coupled to the LuI3:Ce film.
D. Imaging Performance Evaluations
We have developed the LuI3:Ce scintillator using a vacuum deposition technique that is suitable for manufacturing large area scintillators in a microcolumnar form which provides high absorption efficiency and allows high temporal and spatial resolution imaging. In the X-ray image of an application specific integrated circuit chip (ASIC) shown in Fig. 5(a) , the 25 µm bond wires are clearly resolved with a high contrast. The intense luminescence of microcolumnar LuI3:Ce film under UV excitation is illustrated in Fig. 5 (a) .
Modular transfer function data was recorded on one of our 150 µm thick films using our in-house CCD camera. Evaluations were performed by our Photometrics CCD imaging system. This system has a 3:1 fiberoptic taper, and a 1K×1K thermoelectrically cooled CCD with 19 µm square pixels. With the demagnification of the taper the effective pixel size is 57 µm and the Nyquist limiting frequency is close to 10 lp/mm. Our LuI3:Ce film resolves a spatial frequency of 11 lp/mm with about 10% contrast.
IV. CONCLUSIONS
We developed a process utilizing hot-wall evaporation that allows us to grow structured cerium doped lutetium iodide (LuI3:Ce) scintillator, that will extend the applicability of current CCD/CMOS detectors to hard X-ray energies and will facilitate new detector designs with advanced features being sought to support such new studies. Its superior stoppingpower, microcolumnar structure, fast decay enhance its brightness, spatial resolution and potential for timing resolution studies at high X-ray energies, respectively, while the low afterglow significantly reduces the required data acquisition time. Integrated into a detector system, this material will enable a wide range of hard X-ray (20 keV to 100 keV) imaging and/or high frame-rate applications such as dynamic studies of the structural and electrochemical properties of batteries using microtomographic X-ray imaging, internal corrosion in fuel cells, measurements of strain and texture during thermomechanical deformation, studies of composite materials, and time-resolved muscle diffraction experiments.
